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Surface-extended x-ray-absorption fine-structure experiments at atmospheric pressure
by means of a photocathode proportional counter with monolayer sensitivity
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Surface-extended x-ray-absorption fine-structure measurements at atmospheric pressure were
made by means of a new photocathode proportional counter on the oxide films that form on bulk
iron substrates. Both thermally formed and chemically formed films were studied. Near-edge spec-
tra with effective monolayer sensitivity were used to investigate the ionicity of cations in ultrathin

films.

I. INTRODUCTION

Soon after the introduction of the extended x-ray-
absorption fine-structure (EXAFS) technique as a
structural tool, it was extended to include surface-
sensitive measurements. The earliest surface-EXAFS
measurements involved fluorescence detection of photons
from ultrathin films on copper.! The difficulty with these
measurements is that if the absorption edge to be mea-
sured is of an element present in both the bulk and in the
surface layers, then the signal that is obtained may be
dominated by the bulk structure. A solution to this bulk
sensitivity problem was first proposed by Shevchik and
Fischer,> who introduced the photocathode ionization
chamber for surface EXAFS.

The sample, in the photocathode ionization chamber
experiment, is a surface film on a flat plate inside the
detector volume. The detector is supplied with flowing
helium, which nominally does not absorb the incident
hard x rays. The sample does absorb the x rays and emits
electrons, which are collected over a large solid angle and
may be amplified through field-intensified ionization in
the helium gas. A tungsten wire anode collects these
electrons and the current passing through the detector is
measured. This experiment is similar to a partial
electron-yield® experiment, which ordinarily must be per-
formed in an ultrahigh vacuum. In the electron-yield ex-
periment Auger electrons, photoelectrons, secondary
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electrons, and inelastic electrons are counted as a func-
tion of the energy of the incident x radiation.

The photocathode ionization chamber? has found ap-
plication in studies of the oxidation processes of copper,*
the structure of solution-formed passive films on iron,’
and the structure of surface layers on GaAs.® Measure-
ments with this detector have been shown to be qualita-
tively more sensitive to surface layers than fluorescence
measurements,’ to be experimentally comparable to x-ray
absorption,® and to have depth selectivity when operated
in an electron energy resolving mode.” In the demonstra-
tion studies,” ° the measurements were conducted with
the photon beam incident at either 90° or 45° to the sam-
ple surface. Although normal-incidence, or 45°
geometry may be convenient, much improved surface
sensitivity is achieved with grazing-incidence geometry,
as will be demonstrated below. Grazing-incidence
geometry has been exploited in a very limited number of
studies,> > although earlier work!® indicated its impor-
tance.

While the photocathode EXAFS detector is becoming
recognized for its usefulness, a characterization of the
phenomena taking place has thus far been neglected. An
improved understanding of photocathode detection and a
set of rules regarding detector properties would contrib-
ute to a more efficient use of these devices and to a wider
application to new types of measurements.

In this study, the photocathode detector was first care-
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fully characterized to explore its operation both in the
current mode as an ionization chamber and in the pulse
mode as a proportional counter. The device was then ap-
plied to the investigation of the structure of ultrathin
films that form on the surface of bulk iron.

EXPERIMENT

Two factors contribute to the surface sensitivity of the
photocathode detector: the mean free paths of the elec-
trons which emerge from the surfaces of the samples and
the kinetic energies of these electrons in the detector gas.
The average depth from which Auger electrons and pho-
toelectrons emerge is 1-3 orders of magnitude smaller
than the attenuation length of the x rays. The surface
sensitivity of this experiment is expected to improve as
the depth of the photoabsorption is made small. This
fact suggests grazing-incidence geometry. Secondary
electrons and inelastically scattered electrons created
several mean free paths below the surface can also
emerge, but the detection scheme is weighted against
their contribution to the current or pulse signal because
of their relatively lower kinetic energies as they are eject-
ed into the detector gas.

Figure 1 shows a cross section of the photocathode ion-
ization chamber or proportional counter experiment.
There are two entrance windows, each covered with 6 um
aluminized Mylar, so that measurements can be made in
either the normal-incidence geometry or the grazing-
incidence geometry. The entire detector may be rotated
about the axis shown in Fig. 1. A 25-um-diam (gold-
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plated) tungsten wire serves as the anode, and a remov-
able sample plate serves as the photocathode. The photo-
cathode, which is the sample under investigation, lies
within the detector volume, thereby allowing a 27-sr col-
lection solid angle for electron emission from the surface.
The sample can be electrically isolated from the detector
to enable the measurement of ion current. To ensure
good energy resolution, the ideal cylindrically symmetri-
cal proportional-counter geometry is maintained insofar
as possible. The introduction of a flat sample into the
curved counter wall introduces some asymmetries into
the electric field about the anode wire. This field distor-
tion and that from the grounded end caps were mini-
mized by making the detector diameter large relative to
the sample width and small relative to the sample length.
The proportional-counter energy resolution was mea-
sured using P-10 (argon-10%-methane) flow gas and
5.9-keV x rays from an Fe radioactive source. The
FWHM (AE /E) was measured to be 0.23, i.e., close to
the literature value of 0.17,!! indicating that, while not
ideal, the proportional-counter resolution is good.

For surface-EXAFS measurements, the argon-methane
flow gas is replaced with a helium-methane flow-gas mix-
ture that is 99.9% transparent to 7-keV photons in 2 cm
of gas. In this situation, photoemission from the counter
cathode wall is preferentially enhanced in the counter
gas. X rays passing through the gas and impinging on
the sample (that is, the counter cathode) will yield an
electron spectrum consisting of Auger electrons, photo-
electrons, secondary electrons, and inelastic electrons.
The emitted electrons will lose their kinetic energy by im-
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FIG. 1. Cross-sectional view of the photocathode detector. The instrument can be operated in either the normal-incidence
geometry or in the glancing-incidence geometry, and either as a photocathode ion chamber or as a photocathode proportional
counter.
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pact ionization in the helium gas and create a number of
electron-ion pairs (40 eV/pair) (Ref. 12) proportional to
the original kinetic energy of the ejected electron. If the
anode wire voltage is maintained in the proportional re-
gion, field-intensified gas multiplication will occur, result-
ing in charge pulses on the anode again proportional to
the original ejected electron kinetic energy. After this
amplification, the resulting pulse-height distribution
resembles a kinetic energy x-ray photoelectron spectrum
(XPS) from the sample convolved with the proportional-
counter resolution function.

To understand the efficiency and surface sensitivity of
these experiments, and to evaluate the effects of sample
geometry, measurements were made by means of the
detector shown in Fig. 1 at the N.L.S.T. beamline X-23A3
at the National Synchrotron Light Source, Brookhaven
National Laboratory. Data for the detector characteriza-
tion studies were collected on a thin (20-nm) thermally
formed oxide layer on the surface of a bulk (1 mm thick)
iron plate.

Pulse-height spectra from the iron-oxide sample are
shown in Figs. 2 and 3 for the normal-incidence and
grazing-incidence geometries, respectively, and for in-
cident photons of energies below and above the iron K
edge at 7.112 keV. The count-rate limitations for this
detector are similar to those for ordinary proportional
counters. All of the present experiments were conducted
in the linear range where no dead-time corrections are re-
quired.’> For the normal-incidence geometry (Fig. 2),
there is a prominent photopeak due to the small but non-
negligible amount of absorption of the x rays in the
helium-methane gas. This peak shifts with increasing
photon energy, but its height is constant across the iron
K edge for equal spectrum accumulation times. There-
fore, the photopeak can serve as an energy calibration of
the pulse-height spectra. The lower kinetic energy peak
in Fig. 2 and its tail correspond to a kinetic energy XPS
spectrum of the iron oxide layer for a photon energy of
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FIG. 2. Electron kinetic energy spectra (i.e., pulse-height
spectra) from a thermally formed 20-nm iron oxide film on bulk
iron, measured in the normal-incidence geometry. The upper
(lower) curve was measured using an incident photon energy
above (below) the iron K edge. The inset shows an L-shell XPS
line (solid), and its appearance (dashed) after convolution with
the instrument resolution function.
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FIG. 3. Electron kinetic energy spectra from a thermally
formed 20-nm iron-oxide film on bulk iron, measured in the
glancing-incidence geometry.

6.9 keV. Thus L, M, and N shell photoelectrons are pro-
duced with decreasing probability in addition to lower-
energy Auger electrons (LMN, MNN, etc.). Since the
proportional-counter energy resolution is of the order of
239%, the spectrum is dominated by the most probable
electron: in this case, L-shell photoelectrons of kinetic en-
ergy 6.2 keV (E;,=6.9 keV-700 eV). In practice, the
peak is observed at lower kinetic energy because its posi-
tion is determined by the convolution of the L-shell XPS
line and the proportional-counter resolution function.
(See inset to Fig. 2.)

Also present in the pulse-height spectrum is a low-
energy tail to the peak resulting from secondary and
inelastically scattered electrons copiously produced at
high kinetic energies and also observed in early XPS data
taken at high x-ray energies.!* Above the iron K edge,
the upper curve in Fig. 2, KLL Auger electrons (kinetic
energy equal to 5.7 keV in this case) have the highest
probability of production, as indicated by the fourfold in-
crease in signal upon crossing the iron K edge.

Similar. measurements were performed in the grazing-
incidence geometry. The pulse-height data are shown in
Fig. 3 for incidence x-ray energies of 6.9 and 7.2 keV.
Compared to the normal-incidence data, both the elec-
tron Kinetic energy peak of the spectrum taken above the
iron K edge and that of the spectrum taken below the
iron K edge are shifted to higher kinetic energies. This is
because there is decreased probability that the lowest-
energy multiply scattered electrons are produced since
the x-ray excitation is limited by the geometry to the
near-surface region, i.e., only the first 100-200 nm of the
sample plate are illuminated by x rays. This upward shift
in energy is larger for the spectrum taken below the K
edge than that for the spectrum taken above the K edge.
Also, above the iron K edge, there is an order-of-
magnitude increase in the Auger KLL yield for the
grazing-incidence geometry compared to normal in-
cidence, along with the virtual disappearance of the pho-
topeak. The negligible photopeak is the result of shorter
paths for the incident photons in the detector gas. The
increased electron yield is the result of reducing the
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depth of photoabsorption to the near surface region for
glancing angles of 1°-3°. From the pulse-height data, one
can conclude that glancing-incidence geometry has supe-
rior sensitivity over normal-incidence geomeiry by more
than an order of magnitude in signal strength. In addi-
tion, one can enhance the surface selectivity in
proportional-counter operation by setting a single-
channel analyzer window to accept the higher-energy re-
gion of the peak in Fig. 3, i.e., setting a bandpass about
the KLL Auger line. This is analogous to the Auger yield
detection technique for surface-EXAFS measurements,
which is usually performed in a vacuum, as introduced by
Citrin et al.’®

The photocathode proportional counter can also be
operated at reduced voltage in the ionization chamber
mode. Figure 4 shows the current as a function of ap-
plied anode voltage. An anode voltage of 100 V is ade-
quate to avoid either recombination or gas multiplication.
A reverse bias is also possible, as shown in Fig. 4, result-
ing in a similar current being measured. The nature of
the signal contribution to either current can be under-
stood in terms of the electron-ion pair products of the en-
ergetic electrons entering the detector gas from the sam-
ple. For the normal-incidence experiment, energetic elec-
trons (with kinetic energy greater than 45 eV) ejected
from the photocathode will create a number of electron-
ion pairs (40 eV /pair) proportional to their initial kinetic
energy as shown in the solid curve of Fig. 5. The result-
ing electron or ion current is the integral of the solid
curve of Fig. 5. This current, which is measured from the
isolated photocathode, is weighted linearly in electron ki-
netic energy. The results of this analysis emphasize the
importance of performing current mode experiments in
the grazing-incidence geometry. Otherwise the energetic
photopeak of Fig. 5 will be everpresent as an enhanced
background.

]
16 +
<
i
1=
= 12+
=4
£
-
o
(1]
g s o
L
s
[+
2
2
T 4 /,
-200 "
1 ! | -9~ | ! ! 1 ]
-0——o0—9 200 400 600
21 Anode Wire Bias (V)

FIG. 4. Photocathode current as a function of the anode wire
bias voltage. The data were taken with the 20-nm iron-oxide
film sample in place and using photons with energy above the
iron K edge.
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FIG. 5. The dotted curve shows the number of ejected elec-
trons as a function of electron kinetic energy, reproduced from
Fig. 2, for the normal-incidence geometry. The solid curve
shows the number of ion pairs as a function of electron kinetic
energy, which represents the actual signal that is measured in
the current mode experiment.

Another important issue in the operation of the photo-
cathode detector in the ionization chamber mode is the
observation® of ambiguities in the amplitudes of the fine
structure. At the source of this problem is the effective
thickness of the surface layers measured and self-
absorption in the sample. Three measurements of the
60-eV region about the copper K edge are shown in Fig.
6. The dashed curve was taken from a transmission EX-
AFS experiment on a 4-um-thick copper foil. The solid
curve is a fluorescence measurement of the same foil. All
evidence of EXAFS oscillations are absent. At the K
edge, one can still see the K; to K, transition at the
correct position but at the wrong amplitude as the sample
goes from optically thin to optically dense. The dot-
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FIG. 6. Near-edge copper K-absorption spectra measured
from a thin copper foil in transmission (dashed curve), the same
thin foil in fluorescence (solid curve), a bulk copper plate in the
photocathode detector (dot dashed curve).
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dashed curve was taken using the photocathode ioniza-
tion chamber in the grazing-incidence geometry. While
the EXAFS oscillations are clearly visible and one can
easily prove that their phase is correct, their amplitude is
reduced and the amplitude of the edge feature is in-
correct. This result suggests that this photocathode
detector measurement, while not optically dense, is also
not adequately optically thin. This is despite the advan-
tages in sensitivity of the grazing-incidence geometry
mentioned above. Fortunately the problem can be re-
moved entirely, as we demonstrate below, by going over
to the photocathode proportional-counter mode, thereby
accepting signal only from optically thin layers.

SURFACE-EXAFS AND NEXAFS MEASUREMENTS

The nature and the structure of the passive film that is
responsible for the capability of a metal to resist environ-
mental attack are key to developing an understanding of
passivity. There have been numerous attempts to deter-
mine the nature and the structure of the passive films that
grow on iron,'® from which it is often concluded that the
main protective film is cubic Fe;0, at the metal-to-oxide
interface and y-Fe,O; and hydrated oxides at the film-
to-air interface. These passive films can be formed chem-
ically by employing a passivating solution,® or by anodic
polarization. An important issue has been the role of wa-
ter or hydrogen and the role of alloying elements such as
chromium on the structure of the passive film on iron.

Two surface films on iron were evaluated in this study:
the first was a thermally grown oxide on bulk iron, which
could be grown to a predetermined thickness, and the
second was a chemically grown passive film on bulk iron,
which is well known to be ultrathin. The former surface
oxide was used as a model compound in the photo-
cathode proportional-counter experiment because its
structure is generally understood to consist of Fe;O, and
v-Fe,0;, which has a defect structure of Fe;O,. The
chemically formed passive film was grown in a
potassium-chromate solution because it has been demon-
strated® that at least 12% of the cations in this film are
chromium. Thus this film can serve as a model for the
structure of the passive films that exist on some iron-
chromium alloys. The role of chromium is an important
issue in the understanding of the improved passive films
that are formed on steels. In particular, our aim is to
study the structure around the chromium ions in order to
better understand their role in the passivation of the sur-
faces of steel.

Before the films were grown, the bulk iron plates were
carefully polished with wet SiC paper, then diamond
paste, and finally 0.05-um alumina. The thermally
formed samples were prepared by growing the oxide films
at 600 °C for 15 min in a moist oxygen oven. The chemi-
cally formed films were grown in 0.005M aqueous
potassium-chromate solutions for 72 h, then washed with
distilled water, and finally dried with anhydrous ethanol
and hot air.

The final film thicknesses were measured by means of a
commercial ellipsometer. In this technique, elliptically
polarized light is reflected from the surface of interest.
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The two orthogonal, s and p, components of the light
suffer different changes in phase and amplitude upon
reflection. Two pseudo-optical constants are measured:
A, which is the difference in the phase of the p and s com-
ponents of the polarized light, and 1, the tangent of
which is the ratio of the amplitudes of the p and s com-
ponents of the polarized light. These constants are mea-
sured for both the bare surface and for the films, and re-
sults permit a determination of the thickness of the films.
It has been shown that fractions of a monolayer can be
measured by means of this technique. The problem asso-
ciated with precise measurements of surface-layer
thicknesses is associated with the accuracy to which the
optical constants, n and k, are known. It has been
shown!” that an error of 11% in n and 67% in k produces
a maximum error of 0.3 nm (or 7.5%) in a 4-nm film. For
thicknesses less than 4 nm, the thickness error bars col-
lapse onto the true value for thickness, even for larger
percent errors in # and k. The films used in this study
were measured with 546.1-nm light at a 68° angle of in-
cidence and a quarter-wave compensator angle of 45°.
The thickness of the thermally grown film was 20+3 nm
and the thickness of the chemically grown passive film
was 3 =2 nm thick. '

EXAFS spectra were accumulated in the pulse mode
on the same 20-nm oxide film on iron that was used for
the pulse-height measurements described above. The
bandpass was set to accept the upper 2 of the pulse-
height spectrum. This bandpass effectively discriminates
against signal coming from iron in the bulk of the photo-
cathode plate. (For reference, transmission absorption
spectra measured in the vicinity of the iron K edge are
shown in Fig. 7. The solid curve is the background-
subtracted K-absorption spectrum for bulk iron; the
dashed curve is the same for y-Fe,O;; the dot-dashed is
the same for Fe;O,; and the dot-dot-dashed is the same
for y-FeOOH.) The measured absorption spectrum is
shown in Fig. 8, where a transmission spectrum of y-
Fe,0; is also shown for comparison. For both spectra,
the background due to contributions by other electrons
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FIG. 7. Background-subtracted iron K-absorption edge spec-
tra for bulk iron (solid curve), for y-Fe,O; (dashed curve), for
Fe;0, (dot-dashed curve), and for y-FeOOH (dot-dot-dashed
curve).
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FIG. 8. Background-subtracted iron K edge spectra taken on
the 20-nm thermally formed film (solid line) in the photocathode
proportional counter and on the model compound y-Fe,O;
(dashed line) in a transmission measurement.

has been subtracted. For the transmission measurement
on the model compound, the spectrum above the absorp-
tion edge has negative exponential curvature. The photo-
cathode proportional-counter data, by comparison, fall
on a flat baseline curve reminiscent of fluorescence data.
The Fourier analysis of the EXAFS signal, y(k), for these
spectra yielded results demonstrating that the surface ox-
ide film and the model compound have very similar struc-
tures. Using the y-Fe,O; results as a model, r,(Fe-
0)=0.201 nm and r,(Fe-Fe)=0.331 nm, the measure-
ment of the 20-nm film on bulk Fe yielded
r,=0.20210.003 nm. The r,=0.3324+0.003 nm. The
coordination numbers for the model were n;=5.33 oxy-
gen atoms and n,=10.7 iron atoms. For the 20-nm film
the results were n;=5.4%1.1 oxygen atoms and
n,=10.9%2.2 iron atoms. These data indicate that the
model and the film spectra have the same phases and am-
plitudes to within statistical error. It is, furthermore, evi-
dent from the raw data that there is no hint of contam-
ination of the surface signal with the bulk iron signal.
Evidence of contamination by bulk iron would be easily
seen because there is a prominent feature in the iron spec-
trum at ~7.211 keV near the third small oxide oscilla-
tion. (See Fig. 7.)

The surface sensitivity of the grazing-incidence
geometry was further exploited for current mode mea-
surements on the ultrathin (3-nm) passive film formed on
bulk iron in a chromate-passivating solution. As men-
tioned above, it had been shown earlier® that chromium is
present, and that more than 12% of the cations in this
film are chromium. Model compounds measured in
transmission were chromium metal, finely powdered
Cr,0;, and freshly prepared finely powdered CrOs.
Near-edge chromium K-absorption spectra of these com-
pounds are shown in Fig. 9. The Cr VI spectrum has a
distinctive appearance because of the white line!® that is
present in the pre-edge region. This feature has been ob-
served!'? in the absorption spectra of Ti1v, Vv, Cr v, and
Mn Vi1, and is due to a transition from the 1s to T, empty
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FIG. 9. Model compound spectra for a chromium K edge ex-
periment on chromium oxides. The dashed line is the spectrum
for bulk chromium; the dot-dashed line is the spectrum for
powdered Cr,0;; and the solid line is the spectrum of a freshly
prepared powder of CrO;.

valence orbitals. The chromium spectrum measured by
means of the surface-EXAFS photocathode detector is
shown in Fig. 10 together with the Cr 111 and Cr VI model
compound spectra. There is a small enhancement of sig-
nal in the neighborhood of the Cr V1 pre-peak, but the ab-
sorption edge position is much closer to Crin than to
Crvi. This indicates that, although most of the chromi-
um in the film was Cr 111, there was also a slight amount
of Cr VI in the film. This is an unexpected result because
it is difficult to explain how the thin film supports the
high oxidation state. Furthermore, the Cr VI appears to
be in the film because any Cr VI residue from the passivat-
ing solution would have been removed during the rinsing
of the film. Additional measurements will be required to
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FIG. 10. Near-edge spectrum measured at the chromium K
edge for the chromate-formed film (dot-dashed line) on iron.
For comparison, the solid line is the Cr,0; spectrum and the
dashed line is the spectrum of CrO;, each measured in transmis-
sion.

5.990
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evaluate these results. Nevertheless, the quality of the
data, taken in a single 30-min scan on a sample with only
an approximate monolayer chromium coverage, attests to
the sensitivity of the photocathode detector experiment.

CONCLUSIONS

The current work has enabled an improved under-
standing of the principles of operation of the surface-
EXAFS detector, both as a photocathode proportional
counter and as a photocathode ionization chamber. For
experiments involving elements present in both the bulk
and in the surface layers, the proportional-counter opera-
tion allows electron kinetic energy selectivity, which in
principle can be extended to depth-selective EXAFS mea-
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surements through the surface layers. As a photocathode
ionization chamber, application in the grazing-incidence
geometry offers the best solid-angle detection capabilities
and possibly the most efficient monolayer sensitive mea-
surement available.

Future applications of the photocathode proportional
counter will almost certainly include the investigation of
the layer-by-layer structures of importance in electro-
chemistry and corrosion, and the investigation of the sur-
face layers of catalysts. '
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